Operational management and prediction of water quantity and quality often requires a spatially meaningful simulation of environmental flows and storages at the catchment scale. In this study, the performance of a fully distributed conceptual hydrologic model was evaluated based on the HBV (Hydrologiska Byråns Vattenbalansavdelning) and TAC D (Tracer Aided Catchment model -Distributed) model concept in the meso-scale Fyrisån catchment in the Central Swedish lowlands. For a more spatially explicit representation of runoff generation processes of small landscape elements such as wetlands, a new sub-grid parameterization scheme was implemented in the model. In addition, a simple flow distribution and lake retention routine was introduced to better conceptualize the flow routing. During intensive model evaluation and comparison the model underwent conventional splitsample and proxy-basin tests. In this process, shortcomings of the model in the transferability of parameter sets and in the spatial representation of runoff generating processes were found. It was also demonstrated how a detailed comparison with a lumped benchmark model and the additional use of synoptic stream flow measurements allowed further insights into the model performance. It could be concluded that such a thorough model assessment can help to detect shortcomings in the spatial representation of the model and help facilitate model development.
INTRODUCTION
Increasing environmental threats to water resources and aquatic ecosystems call for further development of hydrologic models that are able to better quantify environmental flows at the catchment scale. However, this development has been often associated with an increase in model complexity along with the lack of observational data and appropriate diagnostic tools to further constrain and evaluate model states and outputs (e.g. Wagener et al. ; Gupta et al. ) . Thus, appropriate model complexity needs to be balanced with (i) the modelling purpose, (ii) the characteristics of the hydrological system and (iii) the data available (Wagener et al. ) . In addition, powerful rigorous diagnostic tests are needed to evaluate to what degree a realistic representation of the natural system has been achieved and how the given model concept can be improved (Gupta et al. ) . In this work a rigorous multi-criteria model assessment was performed to evaluate a process-oriented, distributed hydrologic model that was developed to better describe the spatial variability of hydrological states and fluxes under boreal conditions in order to serve as a basis for coupled solute transport applications (e.g. Lindgren , ; Gren ). This mosaic of alternating landscape patches with individual characteristics needs to be addressed by the chosen model concept. However, in most cases computational limitations hinder fully resolving spatial heterogeneity. Even distributed models are to some degree spatially lumped and spatial elements are parameterized using effective parameters. These parameters are assumed to take into account spatial heterogeneity of landscape characteristics and hydrological processes within a single model element, but might not be capable of reproducing the hydrological behaviour for an element as a sum of its sub-elements. This is especially true when differences in the functioning of the different sub-element units are significant. Typical measures to account for this so-called 'subgrid variability' are commonly used in macro-scale applications (e.g. Blöschl & Sivapalan ) . These can consist of a statistical distribution function within a model element or a process adequate areal discretization by subdividing model elements into different sub-entities (Becker & Braun ) .
An additional element of distributed hydrologic modelling is the lateral routing of water along flow pathways (surface and subsurface) and stream flow for which different methods with varying complexity and data demand are available (e.g. Singh ) . Boreal environments are often characterized by stream networks intersected by numerous lakes that often lack detailed geometric descriptions. Consequently, only very simple routing or flow distribution functions are employed in conceptual modelling, such as the triangular weighting function of the HBV (Hydrologiska Byråns Vattenbalansavdelning) model (Bergström ) .
Nevertheless, such simple approaches are not feasible in distributed model concepts, where more explicit weighting functions accounting for spatial routing of flow through the stream network are required.
Successful conceptual model applications depend on accurate parameterization. This is usually achieved by comparing observed and modelled stream flow at the basin outlet. This approach might be sufficient for simple lumped models, but is not a rigorous enough criterion for distributed model evaluation in order to ensure a correct representation of internal state variables (e.g. Mroczkowski et al. ) . Additional information, such as groundwater levels or soil moisture measurements, is required for a sufficient multi-criteria calibration procedure, but availability of suitable data is generally poor or lacking in most real-world applications. However, multi-scale validation by including runoff series from different sub-catchments enables an advanced parameter estimation and may lead to a subsequent improvement of model consistency and performance (Sooroshian & Gupta ) .
To date, the most popular hydrological catchment model in Scandinavia is the conceptual lumped (or semidistributed) HBV model (Bergström ,  
THE FYRISÅN CATCHMENT
For model assessment in this study the meso-scale Fyrisån catchment ( Figure 1) In the following paragraphs two major new model elements, which were added to the previous model versions of HBV or TAC D and were tested in the lowland Fyrisån catchment, are described in more detail. These are an approach to consider sub-grid variability and a distributed flow routing method.
Sub-grid variability
The new sub-grid variability scheme using fractions of landuse classes rather than the usual approach to assign the major class to the entire grid cell has several advantages. In the case of the Fyrisån catchment, conventional grid aggregation led to a substantial decrease of small scale landscape features in the model representation, as illustrated by the wetland area which was underestimated by almost 50% (Table 1) . This dramatic decline of the estimated wetland area can be explained by the patchy and small scale character of wetlands in this area that cannot be captured by the coarse raster structure and even results in an overestimation of catchment and forest area during grid aggregation.
Simulation of channel routing and lakes
In distributed modelling, flow routing through channel networks and lakes plays an essential role in larger scale 
DATA BASE AND MODELLING PROCEDURE

Spatial data
The low topographic gradient throughout the lowland Fyrisån watershed was one main concern during data preparation (Table 3 ). The latter was finally chosen for automatic model calibration, as it adequately 
RESULTS
Split-sample test results
The results of the individual catchment calibration showed satisfactory fits between measured and simulated discharge for the calibration period with R V values ranging from 0.85 to 0.90. Noticeable is a strong decline during the validation period from 0.90 to 0.73 (R V ) for Vattholma compared to 0.85 to 0.77 (R V ) for Sävja (Table 4 ). 
Proxy-basin test results
It is interesting to further evaluate the hydrologic differences between the two catchments. Therefore, efficiency values (R eff ) were computed as a benchmark for comparing (i) the observed specific runoff records from Sävja to Vattholma and (ii) the simulated specific runoff records from these basins as it was proposed by Seibert et al. () .
Results are listed in Table 5 and reveal greater similarities (higher R eff ) between the model generated time series than between the measured specific discharges (lower R eff ). It is also apparent that the model performed better (Table 4) than the benchmark of simply transferring the specific discharge between the two catchments ( Table 5) .
The aspect of model parameter dependency on individual catchments was further tested with simultaneous calibration on both catchments to derive a joined parameter Nash & Sutcliffe (1970 Table 4 , it becomes evident that the overall best fit could be achieved with the joined parameter set. This was the best parameter set that could be derived in this study for a model application covering the whole Fyrisån basin. 1994-1999 1999-2005 1994-1999 1999-2005 1994-1999 Vattholma ( 
Model comparison
The performance of the distributed model was compared to the lumped HBV model using the same regionalized input data (precipitation and temperature as well as monthly potential evaporation estimates) for both model applications. In this case it becomes evident that the distributed, highly parameterized model was not able to outperform the simpler, less parameterized lumped HBV model in terms of runoff related efficiency measures (Table 6) . For most years similar model behaviour can be observed resulting in model errors for the same years throughout all catchments (Figures 4 and 5) .
Synoptic runoff measurements
Synoptic runoff measurements from a field campaign in the River Fyris allowed the distributed model simulations to be evaluated at several grid cells along the stream network during low flow conditions. These synoptic runoff measurements were used in two ways. In a first step observed and simulated runoff volumes were compared. Figure 6 (Figure 7) .
DISCUSSION
Split-sample test results
In general, the model performance was acceptable for calibration and validation periods for the catchments for which the model had been calibrated. Model efficiencies were smaller for the validation periods, which can partly be 
Proxy-basin test results
The proxy-basin test revealed additional shortcomings in the spatial representation of the model. Despite the inclusion of the spatially explicit, land use dependent runoff generation routine and the distributed flow and lake routing, the model was not able to capture major changes in runoff for different catchments on the basis of the individually calibrated parameter set (Table 4 ). This was reflected in low efficiencies (R V ) for the exchanged parameter sets, especially for the second part of the application period. Once again differences in runoff regime might come into play, but computed efficiencies (R V ) of the measured as well as simulated specific Nash & Sutcliffe (1970) . 1994-1999 1999-2005 1994-1999 1999-2005 1994-1999 The fact that parameter sets adapted to one catchment cannot be simply transferred to the adjacent catchments, although the most important spatial processes controlling the flow regime are included in the model structure, underlines the effective character of these parameter sets that still partly incorporate regional spatial heterogeneity characteristics of each catchment. Nevertheless, it should be also stated that proxy-basin tests often result in rather drastic performance reductions and are even failed by many established models (Refsgaard & Henriksen ) . This might also be the reason why it has been rarely applied, despite its rather informative character (Andreassian et al. ) .
The simultaneous calibration of the model to both catchments supported this finding with the presence of a joined parameter set that is able to adequately capture the entire runoff hydrographs for all sub-catchments. This joined parameter set accounts for regional runoff dynamics with a slightly reduced efficiency (R V ), but performs much better on an overall basis than both previous individual parameter sets (Table 4 ).
Besides the model application another often applied approach for runoff predictions in ungauged basins is the transfer of specific discharge from a nearby watershed scaled by the catchment size. This alternative reveals mostly convincing results for catchments with almost identical input data (e.g. Seibert et al. ) and was compared to the prior model outputs. parameterizations due to complex spatial structures. Therefore, less model runs for calibration purposes are feasible and the optimal global parameter set is not inevitably achieved every time. This effect might be underestimated, but could be clearly verified on the basis of different start parameter sets for the coupled parameter estimator PEST. It was found that the variation of initial parameters resulted in different optimized parameter sets with varying model performances.
Model comparison
By further comparing the lumped HBV model with the distributed model, it was shown that the latter did not lead to a significant improvement of the discharge simulation performance. Both models were more or less equivalent in their success in simulating discharge at the different catchment outlets and performed equally well in split-sample and proxy-basin tests.
However, such equal model performance was not necess- 
Synoptic runoff measurements
The synoptic runoff measurements allowed an evaluation of the spatial representativity of the model simulation for dis- 
